Beginning with precursor lesions, aberrant DNA methylation marks the entire spectrum of prostate cancer progression. We mapped the global DNA methylation patterns in select prostate tissues and cell lines using MethylPlex-next-generation sequencing (M-NGS). Hidden Markov model-based next-generation sequence analysis identified~68,000 methylated regions per sample. While global CpG island (CGI) methylation was not differential between benign adjacent and cancer samples, overall promoter CGI methylation significantly increased from~12.6% in benign samples to 19.3% and 21.8% in localized and metastatic cancer tissues, respectively (P-value < 2 3 10 -16 ). We found distinct patterns of promoter methylation around transcription start sites, where methylation occurred not only on the CGIs, but also on flanking regions and CGI sparse promoters. Among the 6691 methylated promoters in prostate tissues, 2481 differentially methylated regions (DMRs) are cancer-specific, including numerous novel DMRs. A novel cancer-specific DMR in the WFDC2 promoter showed frequent methylation in cancer (17/22 tissues, 6/6 cell lines), but not in the benign tissues (0/10) and normal PrEC cells. Integration of LNCaP DNA methylation and H3K4me3 data suggested an epigenetic mechanism for alternate transcription start site utilization, and these modifications segregated into distinct regions when present on the same promoter. Finally, we observed differences in repeat element methylation, particularly LINE-1, between ERG gene fusion-positive and -negative cancers, and we confirmed this observation using pyrosequencing on a tissue panel. This comprehensive methylome map will further our understanding of epigenetic regulation in prostate cancer progression.
CpG residues, the targets of DNA methylation, have an asymmetric distribution in mammalian genomes and are often found in small clusters termed CpG islands (CGIs) (Bird 2002) . Approximately 60% of all human gene promoters overlap with CGIs (Illingworth and Bird 2009) , and accumulation of promoter DNA methylation is associated with gene silencing (Jones and Baylin 2007) . Previously, DNA methylation studies in prostate cancer have used methodologies of variable scale, focusing on either a few promoters (Li et al. 2005) or several thousand genomic regions with a CpG island array (Kron et al. 2009 ). Alternatively, functional approaches that monitored gene expression changes after treatment with the demethylating agent 5-aza-29-deoxycytidine (5-Aza) have also been used (Yegnasubramanian et al. 2004 (Yegnasubramanian et al. , 2008 . However, to date, only 115 genes are reported as methylation targets in prostate cancer, 85 of which are listed in the Pubmeth database (http://www.pubmeth.org) (Ongenaert et al. 2008) .
The advent of next-generation sequencing (NGS) now presents a novel approach to assess genome-wide epigenetic changes without the limitations of probe-based microarray platforms. MethylC-seq, a bisulfite conversion approach, was previously used to analyze the methylome at single-base resolution for Arabidopsis (Cokus et al. 2008) and recently for human H1 embryonic stem cells and fetal lung fibroblasts (Harris et al. 2010) . Meissner et al. (2008) produced methylation maps by reduced representation bisulfite sequencing of MspI-digested, genomic DNA from pluripotent and differentiated cells, and the same method was used by Gu et al. (2010) more recently on colon cancer samples. Alternatively, several groups enriched methylated fragments based on their affinities to anti-59-methylcytosine antibody (Weber et al. 2005; Down et al. 2008; Feber et al. 2011) and methylated DNA binding protein Mbd2b ), susceptibility to methylation-sensitive restriction enzymes (Brunner et al. 2009 ), or capture technology (Weber et al. 2005; Hodges et al. 2009 ) before sequencing.
While the enrichment-based and bisulfite conversion methods identified largely comparable methylation events, variation was observed in CpG coverage, resolution, quantitative accuracy, and other measures Harris et al. 2010 ). We used a novel MethylPlex technology described here to enrich methylated regions present in genomic DNA from LNCaP prostate cancers, normal prostate epithelial cells (PrEC), and clinical prostate specimens (n = 17). Massively parallel sequencing of the enriched product identified differentially methylated regions (DMRs) and revealed novel insights regarding the genomic placement and functional consequences of DNA methylation in cancer.
Results

Characterization of DNA methylation by M-NGS in prostate cells
To perform a genome-wide analysis of DNA methylation in prostate cancer, we used MethylPlex-next generation sequencing (M-NGS) methodology, which enriches methylated DNA using restriction enzymes and requires minimal input genomic DNA (i.e., 50 ng). The ability of M-NGS to identify methylated genomic regions was first evaluated in a prostate cancer cell line, LNCaP, and normal PrEC cells. A schematic describing sequencing library generation is provided in Supplemental Figure 1 . Briefly, MethylPlex libraries were constructed by digesting input genomic DNA isolated from samples with a cocktail of methylation-sensitive restriction enzymes, followed by ligation of adaptors containing universal primers sequences and PCR-based amplification. A second round of enzymatic treatment depleted non-GC-rich sequences, followed by an additional amplification step to ensure enrichment of highly methylated DNA fragments. The amplification adaptors were enzymatically removed prior to NGS library preparation (Supplemental Fig. 1 ). The MethylPlex libraries described above were constructed through the commercial service provided by Rubicon Genomics Inc.
For initial standardization, we used two different concentrations (1 and 5 mg) of each MethylPlex sample from LNCaP and PrEC cells as input DNA to obtain single-read sequencing on the Illumina Genome Analyzer II (for protocol details, see Methods). For each cell type (LNCaP and PrEC), a total of four sequencing libraries were prepared corresponding to 200-and 400-bp size selections of 1 mg and 5 mg of MethylPlex product. We obtained an average of 5 million mappable reads for each M-NGS sample (Supplemental Table 1 ). CG dinucleotides were enriched by the MethylPlex procedure up to threefold in mapped reads from M-NGS compared to previously obtained control ChIP-sequencing data, namely, pan-histone ChIP-seq (Supplemental Table 1 ; Yu et al. 2010) .
To demonstrate experimental consistency, a comparative analysis of data from 1 and 5 mg of MethylPlex DNA exhibited high correlation both for reads mapping to chromosome 21 and for reads mapping to all CpG islands (Supplemental Fig. 2 ). Data from 400 bp-5 mg were most enriched for CG-rich sequences (Supplemental Table 1 ) and showed maximum overlap (;70%) with methylation identified by hybridizing the MethylPlex product to a CpG island array (Supplemental Fig. 3A ; Supplemental Table 2) . We therefore selected these data for further analysis.
A hidden Markov model (HMM)-based algorithm previously used for ChIP-seq data analysis (Qin et al. 2010 ) was used to locate peaks from mapped reads obtained in each sequencing run (Supplemental Table 1 ). We found a 70% overlap in methylated genomic regions between LNCaP (56,727 regions) and PrEC (61,615 regions) cells (Fig. 1A) . Methylation located in intergenic and intronic regions of the genomes analyzed had a similar distribution (Fig. 1B) ; additionally, in LNCaP cells, we also used MeDIP-seq, a methodology that uses 59-methylcytosine antibody to enrich methylated regions, and we identified approximately 68,000 methylated regions in this cell line, which was comparable to the M-NGS results. Moreover, there was an overall 62% concordance between all the genomic regions (data not shown) and >83% in CGIs identified by M-NGS and MeDIP-seq, thereby validating the two methodologies (Supplemental Fig. 3B ).
The cancer-derived LNCaP cells displayed frequent methylation among the 56 previously reported methylated promoter regions in prostate cancer tissues (36/56 in LNCaP M-NGS and 40/56 in LNCaP MeDIP-seq) compared to PrEC cells (7/56 in PrEC M-NGS) (Supplemental Table 10 ). However, this difference was absent when we examined the promoters and gene body of known imprinted genes (24/29 in PrEC M-NGS, 23/29 in LNCaP M-NGS, and 26/29 in LNCaP MeDIP-seq) (Supplemental Table 10 ; Morison et al. 2005 ).
Global differences in CGI methylation
Because hypermethylation in CpG-rich promoters is a common feature of tumorigenesis (Issa 2004) , we compared the extent of CpG island methylation between LNCaP and PrEC cells. Of the 68,508 (72.74 Mb) CpG islands identified using Takai Jones criteria (Takai and Jones 2002) in the human genome, 6865 (7.6 Mb) and 5767 (6.1 Mb) CpG islands were methylated in LNCaP and PrEC, respectively. Globally, we observed a 1.7-fold increase in uniquely methylated CpG islands between LNCaP and PrEC, and this ratio increased to approximately sevenfold specifically in CpG islands associated within gene promoters but not among CGIs located elsewhere (Fig. 1C) . In LNCaP cells, methylation in >88% of CpG islands located within promoters and 83% of CGIs in nonpromoters detected by M-NGS were corroborated by the MeDIPseq data (Supplemental Fig. 3B ).
Aberrant promoter methylation is thought to contribute to tumorigenesis by repressing transcription of tumor-suppressor genes (Jones and Baylin 2007) . We next looked for methylation on RefSeq gene promoters (61500 bp flanking the transcription start site) and identified 3496 that were methylated in at least one sample (Supplemental Fig. 4) . Visualization of these methylation marks in the context of promoter CGIs revealed the presence of several distinct methylation patterns on gene promoters (Supplemental Fig. 4) . Broadly, the promoters fell into two groups based on the presence or absence of a CpG island within this specified region. Interestingly, although 35% of promoters (n = 1232) lacked CpG islands, they exhibited methylation around the transcription start site (TSS) (Supplemental Fig. 4 ; Supplemental Table 3 ). The remaining 65% (n = 2264) had CpG islands spanning the TSS, and three distinct methylation patterns were observed in this group: (1) Methylation was mostly confined (39.6%, n = 1383) to the In LNCaP (blue) and PrEC (green), the majority of DNA methylation occurred in intergenic and intronic regions, and the genomic distribution of methylation peaks was similar. (C ) Promoter-associated CpG islands displayed a sevenfold difference in methylation between LNCaP (blue) and PrEC (green) cells. (D) DNA methylation in APC, CHMP4A, CALML3, CDKN2A, KCTD1, LAMC2, RASSF1, SHC1, TINAGL1, and TSPAN1 gene promoters in LNCaP (L) cells. SPON2 in PrEC (P) cells and a negative control region in MYC were validated by bisulfite sequencing. The methylation status of each CG residue from 10 clones sequenced on both strands was analyzed using the BIQ Analyzer (Bock et al. 2005) program, where the height of the blue bar indicates the percent methylation at a given position, yellow indicates no methylation, and the numbers indicate the distance between analyzed CG dinucleotides. *CpG islands were absent in these promoters. Additional details are provided in Supplemental  Figures 5-7 and Supplemental Table 5 . Validation of additional candidates, including NAP1L5, C9orf125, AOX1, AMT, NTN4, and PPP1R3C, are presented in Supplemental Figure 8 .
island, and interestingly with much higher frequency (greater than sixfold difference) in LNCaP (n = 952) compared to PrEC (n = 147) cells ( Supplemental Fig. 4) ; (2) methylation was positioned 59 to the CpG island (11.8%, n = 412); and (3) methylation was positioned 39 to the CpG island (13.4%, n = 469). In total, methylation flanking 59 or 39 of promoter CpG islands accounted for 25.2% of all methylation observed (n = 881). To explore the role of these methylation patterns in prostate cancer pathogenesis, we identified 812 out of 1171 unique gene promoters to be methylated only in LNCaP (Supplemental Table 4 ) and were considered for further analysis. The remaining 359 promoters were methylated in both LNCaP and PrEC cells.
Validation of DMRs
We next selected 18 regions based on M-NGS data and validated their methylation status using a standard bisulfite sequencing technique in LNCaP and PrEC cells. This included 15 DMRs in LNCaP (RASSF1, KCTD1, CHMP4A, APC, CDKN2A, SHC1, LAMC2, TSPAN1, CALML3, AOX1, AMT, C9orf125, and TINAGL1), one gene in PrEC cells (SPON2), one region methylated in both LNCaP and PrEC cells (NAP1L5), and a control MYC promoter region that was unmethylated in both cell types. The UCSC Genome Browser view of methylation in the two samples by M-NGS and methylation in LNCaP by MeDIP-seq, along with gene schematic, primer sequences, and bisulfite sequence amplicon locations, are presented in Supplemental Figures 5-7 and Supplemental Table 5 . Notably, the results for all 18 regions confirmed the data generated by M-NGS ( Fig. 1D; Supplemental Fig. 8 ).
In addition, we observed overexpression of a significant number of LNCaP methylated genes following 5-Aza treatment of cells in a functional validation strategy using gene expression arrays. A total of 973 out of 1171 methylated genes in LNCaP were present in gene expression array data. Significance Analysis of Microarray (SAM) results showed up-regulation of 246 out of 973 methylated genes at a 5% false discovery rate (Supplemental Fig. 9 ; Supplemental Table 6 ), supporting epigenetic regulation of these genes.
To identify molecular concepts enriched in our DMRs, we analyzed our data set using the Molecular Concept Map (MCM) analysis derived from the Oncomine database (Rhodes et al. 2007a; Tomlins et al. 2007b) . MCM analysis of 789 out of 813 genes methylated only in LNCaP that mapped to the Oncomine database (Supplemental Fig. 10 ; Supplemental Tables 4, 7) revealed preferential enrichment with underexpressed gene signatures from localized and metastatic PCa samples (lowest P-value < 1.90310 À14 )
from several independent studies. Furthermore, the signatures, ''genes previously known to be methylated in prostate cancer'' (P-value < 1.40310
À6
) (Ongenaert et al. 2008) , and ''Gene Ontologytumor suppressor genes'' (P-value < 0.009) were significantly enriched (Supplemental Fig. 10A ; Supplemental Table 7 ). In contrast, PrEC cells did not share this enrichment, and MCM analysis of PrEC-only methylated regions revealed only concepts pertaining to histone modifications and that were common to both PrEC and LNCaP MCM analysis (Supplemental Fig. 10B ). Finally, integration with RNA-seq data revealed an association between gene repression and promoter methylation, globally by Gene Set Enrichment Analysis (GSEA) (Supplemental Fig. 11 ) and upon specific evaluation of select genes (Supplemental Fig. 12 ). For example, TIG1, GSTP1, CALML3, TASCTD2, and KCTD1 were methylated and repressed specifically in LNCaP, compared to SPON2 and GAGE genes, which were methylated and repressed only in PrEC cells. HIC1 showed basal transcript expression and was methylated in both cell types.
Characterization of DNA methylation in prostate cancer tissues
Having established the robustness of M-NGS to identify highly methylated regions in cell line models, we next characterized 17 prostate tissues (six benign adjacent, two normal, five localized prostate cancer, and four metastatic prostate cancer specimens) (Supplemental Table 8 ). A genome-wide assessment of both benign adjacent and cancer tissues showed a similar number of methylation events within intergenic and intronic regions ( Fig. 2A) . Of the total 68,508 CGIs present genome-wide, 18.5%, 19.7%, and 20.2% of all CGIs were methylated in benign, localized, and metastatic cancer samples, respectively (Fig. 2B) whereas methylation of intragenic CGIs remained essentially unchanged (;26.5%) among the three groups (Fig. 2B) . Next, we identified 6619 promoter methylation events (within 61500 bp flanking the transcriptional start site) present in either normal, benign adjacent, localized, or metastatic prostate cancer samples ( Fig. 3 ; Supplemental Table 9 ). Of 6619 total methylation events, 2737 were found in all samples, and 1401 of the remaining 3882 were absent in normal prostate samples and PrEC cells but present in benign adjacent prostates. This left 2481 cancer-specific methylation events that may warrant further characterization (Fig. 3) . Nearly all of the 56 previously reported prostate cancer methylated regions from pubmeth.org and a recent study (Kron et al. 2009 ) showed increased methylation in cancer tissues (Supplemental Table 10 ).
To identify DMRs with functional significance, we next examined promoter methylation events associated with transcriptional changes. Promoters methylated in cancer were significantly associated with gene repression regardless of whether that promoter contained ( p < 0.001) or lacked ( p < 0.001) a CpG island by GSEA, while genes that displayed coding exon methylation tended to be overexpressed ( p < 0.024) (Fig. 4) . Oncomine metaanalysis with a data set of 13 different prostate cancer genes' expression further supported methylated candidates' association with gene repression (Supplemental Table 11 ). Several previously characterized methylation targets (GSTM2, GSTM1, S100A6, PYCARD, and RARRES1) were present among this list, thereby validating the approach. We next used MethylProfiler PCR ( Jaspers et al. 2010) as an independent evaluation of the methylation status of a novel target region in WFDC2 (WAP four-disulphide core domain protein 2, previously called HE4), the recently reported prostate methylation target TACSTD2 (Ibragimova et al. 2010) , and the well-characterized GSTP1, all identified in this M-NGS study. WFDC2, which ranked 25th in Oncomine metaanalysis, was methylated in 100% (6/6) of transformed prostate cell lines and 77% (17/22) of cancer tissues but not in benign tissues or PrEC (Fig. 5A ). In addition, WFDC2 methylation in select samples was independently confirmed by bisulfite sequencing (Supplemental Fig. 13 ). In comparison, the TACSTD2 promoter was less frequently methylated, with 21% (5/23) of cancer tissues and 9% (1/11) of benign tissues showing hypermethylation, and prostate cell lines similarly exhibited variable levels of methylation (Fig. 5B ). In contrast, the well-characterized GSTP1 promoter showed frequent methylation in cancer tissues (86%) and in all transformed cell lines (100%), similar to WFDC2 (Fig. 5C ).
Regulation of transcript variant expression by DNA methylation
We also observed that a subset of genes displayed selective promoter methylation in a transcript isoform-specific manner, suggesting a mechanism for regulating transcript variant expression in cancer. A well-known example, RASSF1, frequently Figure 3 . Promoter DNA methylation during prostate cancer progression. A total of 6619 gene promoters from 6077 unique RefSeq genes harbored DNA methylation (yellow) among the various sample groups analyzed (normal, benign adjacent, PCa, or MET). Promoter methylation percentage in sample groups is represented by varying shades of yellow. Each row represents a unique promoter region at 100-bp window size, covering 61500 bp flanking the transcription start site, indicated by the white dotted line. The location of a CpG island (red) in methylated gene promoters is shown in the first column. Promoters in group IV (n = 2737) are methylated in all sample groups analyzed, promoters in group III (n = 1401) are methylated in all sample groups except normal tissues, while promoters in groups II (n = 1436) and I (n = 1045) are methylated specifically in cancer samples. Promoters are ordered by the location of methylation on a CpG island, adjacent to the island (shores) or on promoters that lacked CpG islands as represented with different shades of brown on the left for groups I to IV. Methylation patterns in prostate cells PrEC and LNCaP are presented alongside for comparison.
inactivated by epigenetic alteration in human cancers (Dammann et al. 2005) , is composed of three distinct variants. In LNCaP, we observed DNA methylation-mediated silencing of the longer transcript of RASSF1, variant 1, while the smaller isoform, variant 3, that codes for an N-terminal variant protein expressed in multiple cancer cell lines and tissues including PCa, retains high expression ( Fig. 6A,B ; Dammann et al. 2000; Kuzmin et al. 2002) . Active transcription of variant 3 in LNCaP cells is supported by histone 3 lysine 4 trimethylation (H3K4me3) as observed in previously obtained ChIP-seq data , and 59 rapid amplification of cDNA ends (59-RACE) showed the presence of shorter transcripts but not variant 1 in LNCaP (Fig. 6A ). Isoformspecific methylation of variant 1 was confirmed by preferential reexpression of this transcript upon 5-Aza treatment of LNCaP cells (Fig. 6B ). Interestingly, we found segregation of epigenetic marks into distinct genomic regions in promoters containing CpG islands when we superimposed the promoter methylation and H3K4me3 ChIP-seq data from LNCaP cells ( Fig. 7 ; Supplemental Table 12 ; Yu et al. 2010) . While integration of other epigenetic marks is necessary for a full analysis, these data further suggest that multiple epigenetic modifications may co-occur in distinct patterns to regulate transcript expression in cancer.
Since our M-NGS methodology accurately detected DNA methylation events of RASSF1, we queried our data for differential methylation of transcript variants compared to H3K4me3 marks and identified 34 genes in LNCaP that exhibit isoform-specific promoter methylation (Supplemental Table 13 ). We validated two genes from this list, namely, NDRG2 and APC ( Fig. 6D ; Supplemental Fig. 14A ). In both of these candidates, the transcript variants (variants 1-4 in NDRG2 and variants 2 and 3 in APC) showing DNA methylation were confirmed to be underexpressed in LNCaP cells compared to PrEC cells by qRT-PCR and 59-RACE ( Fig. 6E ; Supplemental Fig. 11A ). Furthermore, these variants were preferentially reexpressed upon 5-Aza treatment of LNCaP cells. To determine whether patient tissues demonstrated similar isoformspecific expression patterns, we tested NDRG2 isoforms in two normals, three adjacent normals, five localized PCas, and two metastatic samples by qRT-PCR. Similar to LNCaP cells, variants 1-4 were significantly underexpressed compared to variants 5-8 in localized PCa (P-value = 0.034) and adjacent benign prostate (P-value = 0.012), but not in normal (non-prostate cancer) tissues (Supplemental Fig. 14B ). In addition, previously obtained RNA-seq data from LNCaP cells supported the above observation for RASSF1 and NDRG2 genes (Fig.  6C,F ).
Methylation differences between ETS-positive and ETS-negative tissues
Transcription factor occupancy is suggested to have a protective role in limiting the spread of DNA methylation into affected CpG islands (Gebhard et al. 2010) . In prostate cancer, gene fusions involving ETS transcription factors (most commonly ERG and ETV1) occur in ;40%-50% of patients and serve as the most frequent genetic aberration in this disease (Kumar-Sinha et al. 2008) . DNA methylation differences between patients harboring or lacking an ETS gene fusion might therefore provide insights into the transcriptional program of ERG in prostate cancer. We compared the five ERG fusion-positive (ETS-positive) patients and four fusion-negative (ETS-negative) patients in our cohort and observed more than 40 Mb of DMRs specifically associated with ETS-positive samples. Interestingly, the majority of DMRs in ETS-negative samples were also shared with benign samples (Fig. 8A) . ETS-positive samples also contained higher repeat-element methylation compared to ETS-negative samples (Fig. 8B) . In particular, assessment of global LINE-1 methylation by an independent pyrosequencing analysis on a prostate tissue cohort (n = 20) revealed a significant decrease in LINE-1 element methylation (P-value < 0.0001) in ETS-negative compared to ETS-positive samples (Fig. 8C ). These data suggest that previous studies documenting global hypomethylation of LINE-1 elements in prostate cancer may miss subtleties present in different molecular subtypes of this disease.
Discussion
In this study, we characterized genome-wide methylation patterns in prostate tissues and cell lines using a novel M-NGS methodology. Compared to the bisulfite-based MethylC-seq and enrichment-based MeDIP-seq and MBD-seq, which require microgram quantities of genomic DNA, M-NGS and the reduced representation bisulfite sequencing ) need only nanogram quantities of input DNA and are promising options to characterize clinical samples with limited material availability. Using MeDIPseq, bisulfite sequencing, and 5-Aza treatments as validation, we demonstrate the accuracy and utility of M-NGS to detect genomewide methylated regions. A recent study using MeDIP-seq reported methylation in 16% (;4428/27,679) of all CGIs in the human brain (Maunakea et al. 2010) , which is comparable to our MeDIPseq data (20%) and M-NGS data (up to 20%). The high overlap (>83%) in the methylated CGIs identified by MeDIP-seq and M-NGS in LNCaP cells suggests a comparable performance of these two methodologies. However, a comparative analysis similar to those by Bock et al. (2010) and Harris et al. (2010) may further characterize the advantages and limitations of M-NGS compared to other existing technologies.
This study reveals important DMRs and methylation patterns in both intragenic and intergenic regions in prostate cancer. While Figure 4 . Promoter methylation and gene repression. Promoter methylation is associated with gene repression. Gene Set Enrichment Analysis (GSEA) of promoters methylated in prostate cancer was performed on microarray expression data from corresponding samples. Significant correlation was observed between gene repression and promoter methylation among both promoters with (P-value < 0.001) or without (P-value < 0.001) CpG islands. Overexpressed transcripts were enriched among genes with gene body methylation (P-value < 0.024).
globally the total number of genomic regions methylated in all samples was comparable, several thousand DMRs appear to be specific to either the benign or cancer samples. Consistent with prior studies, we found an increasing number of promoter CGIs to accumulate DNA methylation and that this phenomenon correlated with target gene repression (Perry et al. 2010) .
We noted patterns of promoter methylation spanning the CGI, but also in the 59 and 39 regions flanking the CGI. For these latter categories, Irizarry et al. (2009) have used microarrays to demonstrate ;70% methylation in regions up to 2 kb away from CpG islands, which were termed ''shores'' in colon cancer samples. Methylation also occurred on promoters that lacked CGIs, which may also have functional significance. A previous study by Eckhardt et al. (2006) determined that repression of the Oncostatin (OSM) gene occurs by promoter methylation despite the absence of a CGI in the OSM promoter region. Hence the promoter DMRs identified here (including promoter CGI/ shores methylation and methylation in promoters that lack CGI) will likely regulate the cancer transcriptome.
Using Gene Set Enrichment Analysis (GSEA) of M-NGS and an expression array data set for promoters methylated in cancer, we revealed enrichment for gene repression regardless of whether the promoter contained a CGI. A similar association between promoter methylation and gene repression was found in multiple public expression data sets using Oncomine meta-analysis. This analysis nominated a novel methylation target, WFDC2, previously shown to be repressed in prostate cancer, starting with the prostatic intraepithelial neoplasia (PIN) stage (Ashida et al. 2004 ). Methylprofiler PCR analysis showed WFDC2 promoter methylation specifically in >77% cancer but not in benign specimens, indicating that WFDC2 repression is mediated by this epigenetic modification (Fig. 5A) . Interestingly, in ovarian cancer, WFDC2 is up-regulated and serves as a biomarker, suggesting that this gene may have different functions in different malignancies (Schummer et al. 1999; Bouchard et al. 2006 ). In comparison, Ibragimova et al. (2010) recently reported that 17% of prostate cancers contain TACSTD2 gene promoter methylation, while we observed methylation of 26% of cancer specimens in our panel (Fig. 5B) . Given the probe limitations Figure 5 . WFDC2, TACSTD2 and GSTP1 methylation in prostate tissue panel. MethylProfiler qPCR was used to determine DNA methylation of the WFDC2 (A), TACSTD2 and GSTP1 (B) genes. 17/22 prostate cancer tissues and 6/6 transformed prostate cell lines showed methylation of the WFDC2 promoter, whereas there was no detectable methylation in normal (0/3), benign adjacent tissues (0/7), or the normal PrEC cells. In each sample, the height of the yellow bars indicates no methylation; light blue bars indicate moderate methylation levels; and dark blue bars indicate heavy levels of DNA methylation. Select samples were independently validated by bisulfite sequencing of the corresponding region (Supplemental Fig. 10). (B) Methylation of the TACSTD2 promoter in prostate tissues and cell lines was assessed by MethylProfiler qPCR. Twenty-one percent cancer tissues (5/23) and prostate cancer cell lines, VCaP, LNCaP, and PC3, were methylated. (C ) Methylprofiler qPCR analysis of GSTP1. 20/22 prostate cancer tissues, 1/7 benign adjacent tissues, and 6/6 transformed prostate cell lines showed methylation of the GSTP1 promoter, whereas there was no detectable methylation in normal tissues (0/3) or the normal PrEC cells. of the microarray platforms upon which our analyses are based, we expect that an integrative analysis with NGS transcriptome data will expand our understanding of the role of DNA methylation in cancer further. In addition to WFDC2, several other novel DMRs (MAGI2, MEIS2, NTN4, GPRC5B, C9orf125, FGFR2, AOX1, VAMP5, C14orf159, PPP1R3C, S100A16, and AMT genes) ranked among the top 30 in the meta-analysis (Supplemental Table 11 ) and merit further examination. Of particular interest, a recent prostate cancer genome sequencing study revealed inactivating deletions in the PTEN-interacting protein MAGI2 (Berger et al. 2011) . We observe a DMR in the MAGI2 promoter, thereby suggesting additional regulatory mechanisms to inactivate this gene and indicating that this gene may shave a role in suppressing prostate cancer progression.
While gene silencing mediated by DNA methylation in prostate cancer has been well described (Nelson et al. 2009 ), a growing body of evidence now supports a role for epigenetic modification in alternate transcription start site utilization. Regulation of alternate transcription by DNA methylation for the PIP5KIA gene in colon cancer (Irizarry et al. 2009 ) and PARP12 in human B-cells ) was identified using microarray experiments. More recently, tissuespecific DNA methylation regulating intragenic promoter activity in the SHANK3 locus was demonstrated using MeDIPseq (Maunakea et al. 2010 ). Our integrative analysis of DNA methylation and H3K4me3 data nominated candidates for alternate transcription start site utilization as demonstrated in RASSF1, NDRG2, and APC genes. Our analysis further demonstrates that, when present on the same promoter, H3K4me3 modifications and DNA methylation have mutually exclusive boundaries. A similar pattern was observed in mouse neural stem cells, where the GBX2 locus harbors proximal promoter regions containing H3K4me3 marks that are flanked by DNMT3a-bound CpG rich regions containing DNA methylation marks . Interestingly, H3K4me3, previously considered an active histone mark, is now known to occupy promoters of transcriptionally inactive genes, albeit at threefold lower levels compared to active promoters (Bernstein et al. 2006; Guenther et al. 2007 ). More recently, binding of CFP1 protein to CpG-rich regions and a 98% overlap between H3K4me3-modified regions and CFP1-binding sites were shown (Thomson et al. 2010) . Thus, while the regulation of transcription by DNA methylation and H3K4me3 is well explored, the role for adjacent H3K4me3 and DNA methylation marks in some promoters needs further investigation. Finally, molecular classification based on ETS gene fusions has enabled subtype-specific analyses of prostate cancer showing distinct copy number aberrations and gene expression patterns in this subtype (Kim et al. 2007; Tomlins et al. 2007b ). Here, we define DNA methylation patterns unique to ETS-positive and ETSnegative samples. Specifically, we observed a decrease in repeatelement methylation in ETS-negative compared to ETS-positive samples. Previous work has shown pronounced reduction in both global 59 methyl cytosine content and LINE-1 hypomethylation in metastatic samples compared to localized PCa (Yegnasubramanian et al. 2008 ). However, all previous reported assessments of LINE-1 Cold Spring Harbor Laboratory Press on September 8, 2015 -Published by genome.cshlp.org Downloaded from or repeat elements have been global measurements that did not distinguish between specific genomic locations contributing to these measurements. In contrast, next-generation sequencing, including M-NGS, is able to resolve individual repeat elements at certain locations in the genome using uniquely mapped reads. Recent identification of methylation changes in repeat elements at specific genomic locations using MeDIP-seq in malignant nerve sheath tumors demonstrated this potential (Feber et al. 2011) . On this basis, we find that ETS-negative prostate cancers show decreased levels of LINE-1 methylation when compared to ETS-positive cancers. Subsequent pyrosequencing validation in a prostate tissue cohort confirmed this difference in LINE-1 methylation, thereby corroborating our M-NGS results. While the mechanism of LINE1 hypomethylation in ETS-negative prostate cancers is unknown, it is interesting to note that previous studies identified TDRD1 (Tudor domain containing protein 1) as a gene that is overexpressed in ERG-positive prostate cancers (Jhavar et al. 2008) . Recent data by Reuter et al. (2009) showed derepression of L1 transposons accompanied by a loss of DNA methylation at their 59 regulatory region in TDRD1 knockout mice, suggesting that TDRD1 may have a role in ETS-specific repeat-element methylation.
Aberrant DNA methylation in prostate cancer is believed to occur in two waves, where epigenetic alteration of some genes, such as GSTP1, can be detected in early disease stages, whereas other genes, such as ESR1, are frequently subject to aberrant DNA methylation in metastatic disease and are considered late events (Nelson et al. 2009 ). Drug therapies aiming to reverse epigenetic changes, especially those found in castration-resistant prostate cancers, are currently being investigated (Perry et al. 2010) . By analyzing both localized and metastatic prostate cancer tissues by M-NGS, we have now identified several hundred differentially methylated regions (DMRs), and The coverage for various repeat elements was higher in ETS-positive compared to ETS-negative samples, indicating higher methylation in the former. The fold difference for methylation in each class of repeat element is indicated by the line plot above. (C ) Percent methylation was assessed independently by pyro-sequencing assays for LINE-1 elements and GSTP1 gene promoter methylation in prostate tissue panel (benign n = 5, ETS-positive cancers n = 10, and ETS-negative cancers n = 4). LINE-1 methylation was significantly lower (P-value < 0.0001) in ETS-negative samples compared to ETS-positive tissues, while the GSTP1 gene promoter was highly methylated in both cancer subgroups and not in benign.
because our sample cohort spans the stages of disease progression, we can identify the specific epigenetic alterations associated with earlyand late-phase disease (Yegnasubramanian et al. 2004) . Ultimately, this information may be used to elucidate epigenetic diagnostic and prognosis markers; a primary example of this is GSTP1, a gene frequently methylated in prostate cancer that may also be detected from clinical samples obtained in a noninvasive fashion (Nelson et al. 2009 ). The present study thus provides vital information on genomic locations of cancer-specific DMRs that may now facilitate high-throughput screening analyses for prostate cancer disease markers. Moreover, future genome-wide analyses of DNA methylation may improve with larger patient sample sets and with the incorporation of multiple NGS methodologies, such as MeDIP-seq and others, to completely chart an epigenetic landscape (Laird 2010) .
In summary, we used a high-throughput M-NGS strategy to characterize the DNA methylome map of prostate cancer tissues and cells using a minimal amount of input DNA. We observe distinct patterns of DNA methylation around TSSs that frequently occur on promoters either containing or lacking a CpG island. This study has uncovered several hundred novel cancer-specific DMRs, similar to the region we characterized in WFDC2, and this information will be used in a future high-throughput screen. We also found additional evidence in prostate that selective regional DNA methylation regulates expression of specific transcript isoforms between normal and cancer cells. Finally, we identified genomewide differences in DNA methylation between ETS-positive and ETS fusion-negative prostate cancer specimens, along with differences in repeat-element methylation. The comprehensive prostate methylome map generated here provides the precise genomic locations that undergo methylation changes, which will be a highly valuable public resource for investigations aimed at understanding epigenetic regulation of the prostate cancer genome.
Methods
Reagents, cell lines, and prostate tissue samples
Human primary prostate epithelial cells were purchased from Lonza, and the prostate cancer cell line LNCaP was obtained from ATCC. The PrEC and LNCaP cells were grown in PrEGM media (Lonza) and RPMI 1640 containing 10% FBS (Life Technologies), respectively. Human prostate tissue samples were obtained from the University of Michigan SPORE program (Supplemental Table 8 ). All samples were collected with informed consent of the patients and prior institutional review board approval. CpG island microarrays were purchased from Agilent Technologies. Genomic DNA was isolated from cultured cells and tissue using the DNeasy Blood and Tissue kit (QIAGEN) according to the manufacturer's instructions. 5-Aza-29-deoxycytidine (5-Aza) was purchased from Sigma-Aldrich and used at 6 mM final concentration dissolved in DMSO.
M-NGS library generation
MethylPlex library synthesis and GC enrichment were obtained through a commercial service at Rubicon Genomics, Inc. (Supplemental Fig. 1) . Briefly, 50 ng of gDNA from tissues or cells was digested with methylation-sensitive restriction enzymes 1 and 2 (MSRE1 and MSRE2; Rubicon Genomics) in a 100-mL reaction volume for 12 h at 37°C followed by incubation for 2 h at 60°C. The samples were precipitated with two volumes of ethanol in the presence of sodium acetate (pH 5.2) and pellet paint (VWR). DNA pellets were washed with 70% ethanol, air dried, and suspended in 20 mL of TE buffer (pH 8.0). To prepare MethylPlex libraries, 10 mL of the samples from the previous step was denatured for 4 min at 95°C, cooled to 4°C, and mixed with 4 mL of library synthesis mix (Rubicon Genomics). The tubes were incubated for 2 min at 95°C and returned to 4°C before adding 1 mL of library synthesis enzyme (Rubicon Genomics). The reaction was carried in a thermocycler under the following conditions: 20 min at 16°C, 20 min at 24°C, 20 min at 37°C, and 10 min at 75°C, then returned to 4°C. Subsequently, 15 mL of the MethylPlex library was amplified in a Bio-Rad iCycler real-time PCR machine after mixing with 60 mL of library amplification mix (Rubicon Genomics), under the following cycle conditions, 2 min at 95°C (1 cycle), followed by 9 to 13 cycles of 20 sec at 96°C, 2 min at 65°C, and 1 min at 75°C. The amplified DNA was purified using the QIAquick PCR purification kit (QIAGEN), eluted in a 50-mL volume and subjected to GC enrichment following the manufacturer's protocol (Rubicon Genomics). The GC-enriched DNA was purified using the DNA Clean and Concentrator kit (Zymo Research) and eluted in 35 mL of Tris-EDTA buffer (pH 8.0). One and five micrograms of the purified products from each cell line were directly incorporated into the genomic DNA sequencing sample preparation kit procedure from Illumina at the end repair step, skipping the nebulization process. An adenine base was then added to the purified end repaired products using Klenow exo (39-to-59 exo minus) enzyme. The reaction product was purified, ligated to Illumina adaptors with DNA ligase, and resolved on an agarose gel. For LNCaP and PrEC libraries, gel pieces were excised at 200-bp and 400-bp positions, and the DNA was extracted using a gel extraction kit (QIAGEN). Subsequently for all tissue samples, a 350-450-bp gel cut was used. One microliter of this eluate was used as a template in a PCR amplification reaction with Phusion DNA polymerase (Finnzymes) to enrich for the adapter-modified DNA fragments. The PCR product was purified and analyzed by Bioanalyzer (Agilent Technologies) before using it for flow cell generation, where 10 nM library was used to prepare flowcells with approximately 30,000 clusters per lane. The raw sequencing image data were analyzed by the Illumina analysis pipeline and aligned to the unmasked human reference genome (NCBI v36, hg18) using the ELAND software (Illumina) to generate sequence reads of 25-32 bp. Additional information on sequencing runs for all cells and tissue sample runs can be found in Supplemental Tables 1 and 8 . The M-NGS data have been deposited under accession number GSE27619 in the GEO database.
Total RNA isolation and quantitative real-time PCR (QPCR)
Total RNA was isolated from cells using the RNeasy mini kit (QIAGEN) according to the manufacturer's instructions. A DNase I treatment step was included during the total RNA isolation procedure to remove genomic DNA from the samples. One microgram of total RNA was used in cDNA synthesis using Superscript III reverse transcriptase (Invitrogen). Quantitative real-time PCR (QPCR) was performed on prostate-cell-line cDNA samples using SYBR Green Mastermix (Applied Biosystems) on an Applied Biosystems 7900 Real Time PCR system as described ). All oligonucleotide primers were synthesized by Integrated DNA Technologies and are listed in Supplemental Table 5 . GAPDH primer sequences were as described (Vandesompele et al. 2002) . The amount of target transcript and GAPDH in each sample was normalized by standard ddCt methodology, and then to the reference PrEC or DMSO-treated LNCaP samples accordingly.
CpG island annotation
The genomic coordinates for human CGIs were downloaded from ftp://ftp.ncbi.nih.gov/genomes/H_sapiens/ARCHIVE/BUILD.36.1/ mapview/seq_cpg_islands.md.gz. Only islands annotated as strict CpGs were used in this study.
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RNA-seq library preparation
Poly(A) RNA from LNCaP and PrEC cells (200 ng) was isolated from total RNA using SeraMag Magnetic Oligo(dT) Beads (Thermo Fisher Scientific). RNA was fragmented for 5 min at 70°C in a fragmentation buffer (Ambion) and converted to first-strand cDNA using SuperscriptII (Life Technologies). Second-strand cDNA synthesis was performed with Escherichia coli DNA Pol I (Life Technologies). The double-stranded cDNA library was further processed following the Illumina Genomic DNA sample preparation protocol, which involved end repair using T4 DNA polymerase, Klenow DNA polymerase, and T4 Polynucleotide kinase followed by a single ''A'' base addition using Klenow 39-to-59 exo À polymerase. Illumina's adaptor oligo was ligated using T4 DNA ligase. The adaptor-ligated library was size-selected by separating on a 4% agarose gel and cutting out the library smear at 200 bp. The library was PCR-amplified by Phusion polymerase (Finnzymes) and purified by a PCR purification kit (QIAGEN). The library was quantified with a Bio-Analyzer (Agilent Technologies), and 10 nM each library was used to prepare flowcells with approximately 30,000 clusters per lane. The GEO accession number for the LNCaP and PrEC RNA-seq libraries is GSE29155.
Statistical analysis
HMM analysis of M-NGS data
Hidden Markov model (HMM)-based next-generation sequencing analysis is conducted in a two-step process that takes in raw reads and outputs refined boundaries of enriched chromosomal regions (Qin et al. 2010) . The first step includes the formation of hypothetical DNA fragments (HDFs) from uniquely mapped reads, where the coverage of HDFs is determined by the specified DNA fragment size, and overlapped HDFs are merged to represent one consecutive genomic region. The second step is designed to refine the boundaries of the enriched region using HMM with a bin size of 25 bp (by default). Under the null hypothesis, raw reads are assumed to land on the genome following a Poisson distribution with the background rate of r 0 , and enriched regions are expected to have more HDFs with statistical significance. The rate of the Poisson distributions in a given sample is assumed to be r 1 , and the transition probabilities are estimated empirically, based on the inferred enriched regions defined in the first step. The output from HMM is selected based on the posterior probability of being in the enriched regions and then further filtered using maximum read counts. The threshold for maximum read counts is determined from a Bonferroni-corrected P-value of 0.001 calculated using a Poisson distribution with background rate r 0 . The output is provided in BED format as well as Wiggle format for UCSC Genome Browser visualization. The output file annotation field contains information such as enriched genomic position and length, maximum height, GC content, repeated sequencing genomic position and length, mean and standard deviation of conservative scores for the enriched region, relationship with nearest genes including whether the enriched region is located within the gene or between genes, gene name, GB accession number, strand, and distance to the gene transcription start site.
Calculating gene expression from RNA-seq data
Gene expression levels of passing filter reads from RNA-seq data that mapped by ELAND to exons (March 2006 assembly of UCSC KnownGene table) in LNCaP and PrEC cell lines are quantified as described (Maher et al. 2009 ).
One-class SAM analysis
Significance analysis of microarray (SAM) (Tusher et al. 2001) (http://www-stat.stanford.edu/;tibs/SAM/) was performed on the gene expression data set obtained from 5-Aza and DMSO-treated LNCaP cells by selecting genes that were methylated in LNCaP. From 1171 methylated genes from LNCaP M-NGS (Supplemental Table 4 ), a total of 973 genes was mapped to Agilent expression profiling data. One-class SAM analysis was done using default settings, and significant genes were calculated with a false discovery rate (FDR) of 0.05.
Gene Set Enrichment Analysis
Gene Set Enrichment Analysis (GSEA) is a computational method that assesses whether a defined set of genes shows statistically significant, concordant differences between any two given conditions. The fold change between the raw counts from RNA-seq NGS data on LNCaP and PrEC (representing 24,167 unique genes) was calculated, and genes were ranked by the order of expression in LNCaP. This list was uploaded as a pre-ranked gene list to GSEA v2.04 (Broad Institute, Cambridge, MA), and using respective gene lists of methylated targets in LNCaP and PrEC cell lines, GSEA was performed using a weighted enrichment statistic and default normalization mode. Similarly, the fold change between the average expression value from normal/benign (n = 4) and cancer samples (n = 9) profiled on the Agilent Human GE 44K microarray was calculated and preranked (representing 27,928 unique probes). This list was uploaded to GSEA, and enrichment analysis was performed using methylation target gene lists (the methylation present in promoters with CGIs and without CGIs, and in the gene body) in tumor samples.
Oncomine meta-analysis
A complete description of meta-analysis performed in Oncomine is available (Rhodes et al. 2007a) . In brief, a genelist of interest is uploaded to the Oncomine database, and the built-in meta-analysis tool rank-orders the genelist by the P-value, which is determined by a Student's t-test for comparisons made within each available data set (e.g., cancer vs. normal). The ranked genes were visualized with pink and green shades (top-ranked ones with darker shades, pink for overexpression, and green for repression) in heatmap format, with each row representing genes and each column representing the data set. The final order of the genes is determined by averaging ranks across the data sets.
Molecular Concepts Map analysis
A complete description of the methods used to identify biological concept signatures in Molecular Concepts Map (MCM) is available ). In addition to more than 15,000 biological concepts from Oncomine, which include manual curation of the literature, target gene sets from genome-scale regulatory motif analyses, and reference gene sets from several gene and protein annotation databases, we have uploaded a gene list from differentially methylated regions identified from an independent Differential Methylation Hybridization profiling (concept named ''DMH-Tissue Methylated in PCa'') (data not shown), as well as known methylated genes in cancers provided from the Pubmeth database. In brief, MCM analysis uses a Fisher's exact test to find various significantly enriched concepts in an uploaded gene list and provides visual interaction networks.
Repeat-element methylation analysis
The list of repeat elements predicted by the RepeatMasker (RepeatMasker Open-3.0; http://www.repeatmasker.org) program was downloaded from the UCSC Genome Browser. The MethylPlex-NGS data from localized and metastatic prostate tissue samples were divided into two groups based on their ETS gene fusion status (ETS-positive and ETS-negative). The samples in each group were pooled together for HMM analysis, and the regions identified were mapped to repeat-element location.
ChIP-sequencing
LNCaP cells' ChIP-seq data obtained using the H3K4me3 antibody (Abcam) and PanH3 (Abcam) were reported previously by Yu et al. (2010) ; the GEO accession number for the data set is GSE14097. ChIP samples were prepared for sequencing using the Genomic DNA sample prep kit (Illumina) following the manufacturer's protocols. To facilitate ChIP-seq data analysis, a hidden Markov model (HMM)-based enriched region identifying algorithm (described in the Methods section under ''Statistical Analysis'') was used.
MeDIP-sequencing
Six micrograms of genomic DNA isolated from LNCaP cells was sonicated to an ;100-500-bp range and purified using the QIAGEN PCR purification kit. Using standard Illumina protocol/reagents, we end-repaired, A-tailed, and added adaptors to the fragmented DNA. The DNA was then heat-denatured for 10 min at 95°C and snap-cooled on ice. The DNA was incubated with 6 mg of antimethyl cytosine antibody in IP buffer (10 mM sodium phosphate buffer containing 140 mM sodium chloride and 0.05% Triton X-100) overnight at 4°C in a shaker. The methylated fragments were collected by incubating with 100 mL of protein A beads (Invitrogen) for 2 h at 4°C. The beads were washed four times at 4°C in IP buffer and resuspended in 200 mL of TE buffer containing 0.25% SDS and 5 mg of proteinase K and incubated for 2 h at 55°C. The samples were purified using a DNA Clean and Concentrator-5 kit (Zymo Research), and the libraries were prepared following Illumina ChIP-seq protocol. The library was quantified with a Bio-Analyzer (Agilent Technologies), and 10 nM each library was used to prepare flowcells with approximately 30,000 clusters per lane.
Methyl-Profiler
Methyl-Profiler (SABiosciences) is a restriction enzyme digestionbased novel technology for CGI methylation profiling, requiring <500 ng of input genomic DNA (Jaspers et al. 2010) . The samples were first digested with methylation-sensitive (Ms) and/or methylation-dependent (Md) restriction enzymes along with mock digestion according to the manufacturer's instruction. PCR reactions were performed with an ABI StepOne qPCR machine (Applied Biosystems) with RT 2 SYBR Green/ROX qPCR Master Mix (SABiosciences) and primers targeting the region of interest. The PCR reactions were carried out with the following conditions: 10 min at 95°C, followed by 40 cycles of 15 min at 97°C and 1 min at 72°C, as described in the manufacturer's protocol. Using delta-Ct values, the relative amounts of methylation are calculated using an automated Excel-based data analysis template provided by the manufacturer. The mock-digested template is used for initial DNA input quantification, the Ms enzyme is used for hypermethylation quantification, and the Md enzyme is used for quantifying unmethylated DNA. A mixture of these two enzymes (Msd) is used to quantify the undigested amount of DNA. A methylation rate below 5% is considered not significant. While the calculated methylation percentage between 10% and 60% is considered intermediate, the values above 60% are taken as heavy methylation.
Bisulfite sequencing
Bisulfite conversion was carried out using an EZ DNA methylation gold kit (Zymo Research) according to the manufacturer's instructions. Briefly, 500 ng of genomic DNA from either LNCaP or PrEC cells in a 20-mL volume was mixed with 130 mL of CT conversion reagent and was initially incubated for 10 min at 98°C followed by incubation for 2.5 h at 64°C. M-biding buffer (600 mL) was added to the above reaction and DNA was purified using a Zymo spin column. Sequential washes were performed with 100 mL of M-Wash buffer, 200 mL of M-sulphonation buffer, and 200 mL of M-wash buffer was carried out before eluting the DNA in 30 mL of M-elution buffer. Purified DNA (2 mL) was used as template for PCR reactions with primers (Integrated DNA Technologies) and synthesized according to bisulfite-converted DNA sequences for the regions of interest using the Methprimer software (Li and Dahiya 2002) . The PCR product was gel-purified and cloned into the pCR4 TOPO TA sequencing vector (Life Technologies). Plasmid DNA isolated from 10 colonies from each sample was sequenced by conventional Sanger Sequencing (University of Michigan DNA Sequencing Core). The ''BIQ Analyzer'' (Bock et al. 2005 ) online tool was used to calculate the methylation percentage and to generate the bar graphs.
Microarray profiling
Expression profiling of 5-Aza-treated LNCaP cells
For 5-Aza stimulation experiments, LNCaP cells cultured in RPMI 1640 were treated with vehicle, dimethyl sulfoxide (DMSO), or 6 mM 5-Aza for 4 or 6 d in duplicates. Total RNA was isolated with TRIzol (Life Technologies) and further purified using the RNAeasy Micro Kit (QIAGEN) according to the manufacturer's instructions. Expression profiling was performed using the Agilent 44K expression array. One microgram of total RNA was converted to cRNA and then labeled according to the manufacturer's protocol (Agilent). Hybridizations were performed for 16 h at 65°C. Scanned images from an Agilent microarray scanner were analyzed and extracted using Agilent Feature Extraction Software 9.1.3.1 with linear and lowess normalization performed for each array. A total of four hybridizations were performed including two 4-d and two 6-d 5-Aza-treated samples (Cy5) against control DMSO-treated samples (Cy3). The accession number for the gene expression data set in the GEO database is GSE27619.
Expression profiling of prostate tissues
Prostate tissues characterized by M-NGS, normal/benign (n = 4) and cancer (n = 9), were profiled on an Agilent Human GE 44K microarray as described for LNCaP cells above. Total RNA from pooled normal prostate tissues obtained from a commercial source (Clontech Laboratories) was used as the reference. This microarray data set was used in GSEA analysis to study the association between DNA methylation and gene expression. The data set has been deposited in the GEO database.
MethylPlex library Agilent CpG array hybridization
Two micrograms of the purified products from each PrEC and LNCaP MethylPlex DNA were labeled following the mammalian ChIP-on-chip protocol (Agilent Technologies) starting at the sample labeling stage, which uses a random primed, Klenow-based extension protocol. The samples were hybridized to an Agilent Human CpG 244K array (Cat# G4492A; Agilent Technologies), where LNCaP sample was coupled with Cy5 and PrEC to Cy3. The slides were washed according to the manufacturer's instructions. A dye-flip experiment was also performed. The scanned images were analyzed and extracted using Agilent Feature Extraction Software 9.1.3.1. Methylated regions identified by the array data were compared to M-NGS targets; their overlap is presented in Supplemental Figure 3 , and the data are provided in Supplemental Table  2 . This data set has been deposited in GEO under accession number GSE27619.
59 rapid amplification of cDNA ends (59-RACE) 59-RACE was performed as previously described (Han et al. 2008 ). First-strand cDNA was amplified with gene-specific reverse primers RASSF1, APC, and NDRG2 (Supplemental Table 5 ) and 59 GeneRacer primers (Life Technologies) using Platinum Taq High Fidelity enzyme (Life Technologies) after the touchdown PCR protocol according to the manufacturer's instructions. PCR amplification products were cloned into a pCR4-TOPO TA vector (Life Technologies) and sequenced bidirectionally using vector primers as described (Tomlins et al. 2007a ).
Pyrosequencing LINE-1 element methylation was estimated using the PyroMark Q24 LINE-1 methylation assay (QIAGEN) according to the manufacturer's instructions. Briefly, bisulfite-converted gDNA (described above), LINE-1 primers, and components of Hotstart Master Mix (QIAGEN) were used in a PCR reaction to amplify LINE regions from the sample. The amplification was obtained from 45 cycles of 20 sec at 95°C, 20 sec at 50°C, and 20 sec at 72°C, after an initial denaturation/enzyme activation for 15 min at 95°C, and final elongation of 5 min at 72°C. The PCR products were captured on Streptavidin Sepharose beads (GE Healthcare), denatured to produce single strands, washed, and annealed to sequencing primer, and the sequence was determined using the PyroMark Q24 system (QIAGEN). The mean methylation of three individual positions within the PCR product is considered in this assay.
